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In this paper, we study the effect of restoration force caused by the limited size of a small
metallic nanoparticle (MNP) on its linear response to the electric field of incident light. In a semi-
classical phenomenological Drude-like model for small MNP, we consider restoration force caused
by the displacement of conduction electrons with respect to the ionic positive background taking
into account a free coefficient as a function of diameter of nanoparticle (NP) in the force term
obtained by the idealistic Thomson model in order to adjust the classical approach. All important
mechanisms of the energy dissipation such as electron-electron, electron-phonon and electron-NP
surface scatterings and radiation are included in the model. In addition a correction term added
to the damping factor of mentioned mechanisms in order to rectify the deficiencies of theoretical
approaches. For determining the free parameters of model, the experimental data of extinction cross
section of gold NPs with different sizes doped in the glass host medium are used and a good agreement
between experimental data and results of our model is observed. It is shown that by decreasing
the diameter of NP, the restoration force becomes larger and classical confinement effect becomes
more dominant in the interaction. According to experimental data, the best fitted parameter for
the coefficient of restoration force is a third order negative powers function of diameter. The fitted
function for the correction damping factor is proportional to the inverse squared wavelength and
third order power series of NP diameter. Based on the model parameters, the real and imaginary
parts of permittivity for different sizes of gold NPs are presented and it is seen that the imaginary
part is more sensitive to the diameter variations. Increase in the NP diameter causes increase in the
real part of permittivity (which is negative) and decrease in the imaginary part.
I. INTRODUCTION
Investigations dealing with the interaction of Elec-
tromagnetic Waves (EMWs) with metal Nanoparticles
(NPs) and nanostructures are very attractive because of
their fascinating applications in science and technology.
The noble Metal Nanoparticles (MNPs) show a resonant
interaction with EMWs in the visible spectrum which
makes them ideal candidates for some special exotic ap-
plications in the industry and medicine. The origin of res-
onant interaction of MNPs is the collective oscillation of
surface conduction free electrons with respect to the posi-
tive metallic lattice under interaction with light fields, i.e.
surface plasmon. Occurrence of tremendous Electromag-
netic (EM) fields enhancements in the resonance leads
to the intense scattering and absorption of light [1–3] for
MNPs. This plasmon resonance can either cause the light
radiation via Mie scattering [4], or the rapid conversion
to heat through resonant absorption where both of men-
tioned processes play great roles in some new cutting-
edge technological applications. Among the numerous
applications of surface plasmon resonance of noble MNPs
in new fields of science and technology, few important
applications can be named as: localized surface plasmon
resonance sensing [5], surface-enhanced Raman scatter-
ing spectroscopy [6], surface-enhanced infrared absorp-
tion spectroscopy [7, 8], enhanced nonlinear wave mix-
ing [9, 10], nano-scaled emission engineering, i.e. nano-
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antenna [11], optoelectronic devices [12], optical metama-
terials [13, 14], solar cells [15], frequency-sensitive pho-
todetectors [16], wavefront engineering of semiconductor
lasers [17], and molding light propagation at engineered
interfaces [18]. Beside the mentioned feasibilities of appli-
cations for noble MNPs related to their enhanced absorp-
tion and scattering, additionally, compositions of gold
NPs are more suitable in medicine due to good biocom-
patibility, easy production [19] and ability to conjugate
to a variety of biomolecular ligands and antibodies [20]
which make them very useful for NP-based cancer ther-
apy [21–28], biological sensing [29, 30], imaging of bio-
materials [31–33] and medical diagnostics [34].
Theoretical or experimental determination of complex di-
electric permittivity or equivalently refractive index of
media containing MNPs is necessary for explanation of
dynamics of a lot of fundamental and applied phenom-
ena and effects including the above mentioned subjects
related to the absorption and scattering of light. In 1908,
in the framework of classical electrodynamics by solving
Maxwells equations, Mie [4] could obtain an analytical
expression for extinction coefficient of a spherical parti-
cle describing the dissipation of light by absorption and
scattering. Up to date, Mie’s calculations are the basis
of the most of mathematical processes related to the in-
teraction of NPs with the fields of EMWs. The crucial
parameter needed for the extinction coefficient obtained
by the Mie theory is the complex permittivity of MNPs
which is calculated by the well-known phenomenological
Drude theory. Theoretical considerations and experimen-
tal investigations have revealed that optical properties of
NPs should dramatically depend on the size and shape of
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2NPs. In several experimental studies, since 1958, Frag-
stein with his coworkers Roemer [35, 36] and Schoenes
[37] have investigated the complex refractive index of sil-
ver NPs dispersed in colloidal solutions and determined
the considerable differences between them and permit-
tivity of bulk medium when the NPs dimensions were
smaller than the mean free path of the conduction elec-
trons. Then by Gans and Happel [38], the effect of
particles shape on the linear optical constants of such
MNPs solutions has been calculated via Mie theory, so
that one could determine the contribution of size and
shape changes in the refractive index, separately. They
measured linear optical constants of gold hydrosols and
discovered that the changes in these values with respect
to the bulk state are considerable only for the NPs in-
cluding few atoms then they made conclusion that this
difference arises from the additional electron scattering
mechanism caused by the collision of conduction elec-
trons with the particle surface that reduces their effec-
tive mean free path which is called the free path effect.
To date, the free path effect is recognized as the main
responsible factor for interpreting changes in the optical
constants of MNPs with respect to the bulk state. There
are a lot of theoretical and experimental studies where
the modified Drude model is used for showing size de-
pendence of MNPs permittivity only by adding free path
effect on the damping coefficient of conduction electrons,
just as a few examples see [39–53].
For an individual MNP, beside the occurrence of addi-
tional surface scattering caused by the limitation of the
free path of conduction electrons, restriction of size of
particle should lead to the appearance of restoring force
caused by the displacement of electrons with respect to
the background positive charges via exerting electric field
of EMW. Such a linear restoring force reveals in atomic
clusters using Thompson model [2]. Considering restor-
ing force in dynamic equation of conduction electrons
leads to the appearance of the resonance characteristic
frequency of ωres = ωp/
√
3, where ωp is the plasma fre-
quency of conduction free electrons [2]. Sometimes ωres
is called the classical surface-plasmon frequency. Consid-
ering Mie theory for absorption of light by small MNPs
with permittivity ε doped in a background medium with
permittivity εm, such a resonance frequency can be pre-
dicted when ε = −2εm [4]. In the simplifying limit of
Γ << ωp, where Γ is the damping factor related to the
various mechanisms of electron scattering, this condition
leads to the maximum absorption of light at the reso-
nance frequency ωres = ωp/
√
1 + 2εm which reduces to
ωp/
√
3 in the case of considering air as the surround-
ing medium, i.e. εm = 1 [4]. It would be interesting to
know that in such resonance condition, the polarizability
of an MNP exposed to an electric field shows resonant
behavior as well [2]. All the mentioned facts in this para-
graph, may emphasize on the importance of considering
restoring force in dynamical problems related to the in-
teraction of EMWs with MNPs in the classical regime.
In some studies related to the interaction of EMWs with
systems including MNPs, in classical momentum equa-
tion, the restoring force which can predict the resonance
frequency is considered [54–67] but surprisingly it is ab-
sent in the dynamics of the most of the studies related
to the Drude-based problems and as it is mentioned in
the previous paragraph, they considered only the free
path limitation on the dynamics of conduction electrons
in MNPs. In some studies related to the plasmonics
of metallic nanostructures, for extraction of permittiv-
ity of system by Drude-based models, in the equation
of motion of damped harmonic oscillation, the restoring
force is considered and the related spring constant is de-
termined by simulation [68–73]. In this article using a
simple Drude-like model that considers the restoration
force, the complex permittivity of an individual gold NP
is studied. Important mechanisms of conduction electron
scattering including electron-electron, electron-phonon,
electron-surface and radiation as well are considered via
well-known theoretical relations and a correction term
is added in order to correct some shortages of theories.
Also, a correction coefficient is considered for the restor-
ing force in order to rectify the shortages of ideal model
of Thompson. Estimation for free parameters of system
is accomplished by considering experimental data for ex-
tinction coefficient of gold NPs with different sizes doped
in the glass. Results show a good agreement between
experiments and our model.
II. THOMSON MODEL FOR SMALL MNP
We use classical Thomson model [74] for describing in-
teraction of EMW with spherical MNP. Even though this
model was unsuccessful for describing atomic structure
but it is still convenient for constructing classical the-
ories in the light-cluster interaction phenomena [2]. In
this model, it is supposed that conduction electrons of N
individual atoms are homogenously distributed inside a
sphere with radius R and background positively charged
ions which are distributed homogenously as well, are im-
mobile. If the average separation of atoms is d, then
the density of atoms or equivalently the density of back-
ground ions is na = 1/d
3 while we denote the density of
conduction electrons as ne = ZNe/[(4/3)piR
3], where e
is the magnitude of electron charge and Z is the number
of conduction electrons for each atom. For a small NP
exposed to the low-intensity EM fields where its radius is
much less than the wavelength, R << λ, one can neglect
the spatial variation of EM fields inside the NP and sup-
pose that the same forces act on all conduction electrons
at a moment. The motion equation of electrons inside
the NP confined to the radius R, can be written as
mx¨i = −eE0(xi, t)− eEp(xi, t)−mΓx˙i
+
1
4piε0
ZN∑
j 6=i
e2
|xi − xj|3
(xi − xj) , i = 1, 2, ..., ZN, (1)
3where m, xi, ε0 and Γ are electron mass, the ith electron
position vector, permittivity of vacuum, and damping
factor related to any kind of energy dissipation mecha-
nisms, respectively. At the right side of Eq. (1), the
first term is the force of external electric field, the second
term describes the force caused by the background posi-
tive ions and the last term denotes the electron-electron
interaction. Using Gauss’s law, one can easily obtain the
following equation for the electric field of the background
ions
Ep =
ene
3ε0
xi =
mωp
2
3e
xi, (2)
where ωp =
√
nee2/mε0 is the plasma frequency. In-
troducing the well-known concept of center of mass for
conduction electrons as
X =
1
ZN
ZN∑
i=1
xi, (3)
and using it in Eq. (1) after doing summation on mo-
tion equations of the whole electrons existing inside the
NP, one can reach to the following well-known damped
harmonic oscillation equation for the center of mass dis-
placement
X¨+ ΓX˙+
ωp
2
3
X = − e
m
E0(t), (4)
where the term related to the electron-electron interac-
tions vanishes during summation process because of the
action-reaction law.
III. MODIFIED DRUDE MODEL
For a metal bulk system, considering free electrons via
ignoring the third term in the left side of Eq. (4) and tak-
ing into account a monochromatic field oscillating with
frequency ω, i.e. E0 ∼ e−iωt, one can obtain the following
equation for the permittivity of bulk metal
εbulk = 1− ωp
2
ω2 + iΓbulkω
, (5)
where we used index bulk to distinguish bulk system with
confined one. Considering the role of inner electrons in
atoms, Eq. (5) reads
εbulk = ε∞ − ωp
2
ω2 + iΓbulkω
, (6)
where ε∞ reflects interaction of inner electrons with light
and itself can be written in the form [4]
ε∞ = 1 +
No∑
j=1
ωpj
2
(ωj2 − ω2)− iΓjω , (7)
where No denotes the number of Lorentz oscillators, j
presents the special kinds of electrons located at inner
levels having similar behavior during interaction with
light fields, ωpj , ωj and Γj are the plasma frequency re-
lated to the special kind of electrons population, their res-
onant frequency and their damping factor, respectively,
which can be measured experimentally.
For an NP with limited size, in Eq. (4), consider-
ing the third term related to the restoration force leads
to the special resonance frequency for free electrons at
ωp/
√
3 which called plasmon frequency. As experimen-
tal measurements show, the place of plasmon frequency
extremely differs from ωp/
√
3 which can be referred to
the existence of electron damping. As mentioned in the
introduction section, in the most of works related to the
calculation of optical parameters of NPs, restoring force
is ignored from dynamical models and the size effect is
only considered in damping factor by introducing new so-
called surface scattering mechanism which is caused by
the limitation of mean free path of electrons confined in
an NP. Even though, for NP whose radius is greater than
or comparable with light wavelength, considering the ide-
alistic model in which all conduction electrons treat in
the same manner, cannot be correct, however effect of
background ions on electrons which reflects the classical
confinement characteristic of system cannot be ignored.
Here, we consider the restoration force by multiplying it
with a coefficient which is a function of radius and intro-
duce the permittivity of an individual NP as
εn = εbulk +
ωp
2
ω2 + iΓbulkω
− ωp
2
ω2 − αωp2 + iΓnω , (8)
where the sum of two first terms of the right hand is
ε∞ for the bulk metal, ΓBulk = 0.07 × 1015s−1 [75]
and the last term denotes the contribution of conduction
electrons of limited NP. α is a function of NP radius
which should vanish for large particles and in ideal case
of zero radius should limit to the well-known value of
1/3. Γn stands for the damping factor of electrons in a
confined region of NP and will be calculated as
Γn = Γe−e + Γe−ph + Γrad + Γsurf + Γcor, (9)
Γe−e is the damping factor related to the scattering of
an electron by another one in a bulk lattice of metal
which can be calculated by the well-known theoretical
relationship derived by Lawrence and Wilkins [76, 77]
Γe−e =
pi2
24~EF
[
(kBT )
2
+ (~ω)2
]
, (10)
where ~ = h/(2pi), h is the Plancks constant, EF , kB
and T are the Fermi energy, the Boltzmanns constant
and temperature, respectively.
Γe−ph is the damping factor concerned with the energy
dissipation due to the interaction of conduction electrons
with metallic lattice which is obtained using the theoret-
4ical relation derived by Holstein [78, 79] as following
Γe−ph = Γ0
(
2
5
+
4T 5
θ5D
∫ θD
T
0
z4
ez − 1dz
)
, (11)
where θD is the Debye temperature and Γ0 is a constant
that can be achieved through the fitting procedure of the
bulk permittivity for the frequency interval which is lo-
cated below the interband transition threshold.
Γrad denotes the damping factor caused by the radia-
tion of accelerated electrons and it can be derived by
classical electrodynamic considerations using Abraham-
Lorentz force as the following simple relation [80]
Γrad =
ω2pV ω
2
6pic3
, (12)
where V = (4/3)piR3 is the NP volume and c is the light
speed in vacuum.
The damping factor Γsurf is related to the limitation of
mean free path of electrons bounded inside an MNP. It
can be calculated through the scattering mechanism of a
free electron by the surface of MNP. We use the following
formula for considering contribution of size limitation in
the energy dissipation [81]
Γsurf =
Avf
Leff
. (13)
where A is a dimensionless parameter whose value can
be obtained considering some details of the scattering
mechanism and has own scientific story which will be
mentioned briefly, vf = 1.4× 106m/s is the Fermi veloc-
ity for gold and Leff is the reduced mean free path of
electrons. Employing a geometrical probability method,
Coronado and Schatz [82] extracted the following simple
equation for the reduced mean free path Leff = 4V /S,
where V and S are the volume and surface area of an
NP with arbitrary curved shape. This term is related to
totally inelastic scattering of conduction electrons by the
surface of MNP and states the mean chord distance of any
two arbitrary points located on the particle surface[83].
Even though we know that parameter A should empiri-
cally have relation with the shape of MNP, however de-
termining its value is the place of argument. In Ref.
[82], a value near to unity is suggested to the parameter
A, but value A = 0.33 is proposed by Berciaud et al.[84]
by fitting values of parameters related to the absorption
of light by the single gold NP.
Γcor is a correction term which we add to the damping
factor in order to adjust theoretical formulae by consid-
ering experimental data. Two first terms of Eq. (9) are
related to the dominant dissipation mechanisms for the
bulk metal system which should be corrected for the lim-
ited size of an NP because of the quantum confinement
effects. On the other hand some mechanisms like exis-
tence of defects in the lattice does not take into account.
Therefore, in order to match theoretical results with ex-
perimental ones we will determine this term by trial and
error method which will be explained in numerical sec-
tion in detail.
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FIG. 1: The calculated extinction cross section (solid
line) and the experimentally measured one (dotted line)
in dependence of wavelength for NP diameters of 4, 4.4,
4.7, 4.9, 5.2, 5.4nm (from bottom to top).
IV. NUMERICAL ANALYSIS
To extract the free parameters of the model, i.e. α and
Γcor, we use some experimental data related to the linear
interaction of light with NPs. Extinction cross section of
media including MNPs is the well-known experimental
data that we can employ them to guess the model pa-
rameters. The extinction cross section is defined as the
sum of the absorption cross section and the scattering
one which can be expressed as following by using Mie
theory [4]
Cext =
2pi
k2
∞∑
n=1
(2n+ 1)Re(an + bn), (14)
an =
mψn(mx)ψ
′
n(x)− ψn(x)ψ′n(mx)
mψn(mx)ξ′n(x)− ξn(x)ψ′n(mx)
, (15)
bn =
ψn(mx)ψ
′
n(x)−mψn(x)ψ′n(mx)
ψn(mx)ξ′n(x)−mξn(x)ψ′n(mx)
, (16)
where x = 2piNR/λ is the size parameter, m = N1/N
is the relative refractive index, where N1 and N are the
refractive indices of particle and background medium, re-
spectively, ψn(x) and ξn(x) are Riccati-Bessel functions.
For small particles, i.e. R/λ  1, the extinction cross
section reduces to
Cext = 4xpiR
2Im
{
m2 − 1
m2 + 2
[
1 +
x2
15
(
m2 − 1
m2 + 2
)
× m
4 + 27m2 + 38
2m2 + 3
]}
+
8
3
x4Re
[(
m2 − 1
m2 + 2
)2]
(17)
which in the case of very small particles or linear regime
of x, limits to the well-known relationship for Rayleigh
scattering as following
Cext = 4xpiR
2Im
(
ε− εm
ε+ 2εm
)
. (18)
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FIG. 2: Variations of parameter α as a function of NP
diameter
In Fig. 1, the extinction cross section of an individual
gold NP doped in a glass background medium has been
plotted for different sizes of small spherical NPs (2R <
10nm). The dotted lines are obtained experimentally
by Kreibig and Vollmer [2] and the solid ones show our
model results. Trial and error procedure for obtaining
best fit for the extinction cross section reveals that the
best fitted functions for α and Γcor are as following
α = α0 + c1
1
R
+ c2
1
R2
+ c3
1
R3
, (19)
Γcor × 10−20 = d1 1
λ2
+ d2
R2
λ2
+ d3
R3
λ2
, (20)
where
α0= −0.314, c1= 2.052nm, c2= −4.399nm2,
c3= 3.176nm
3, (21)
d1 = −1.084nm2, d2 = 8.615× 10−2,
d3 = −3.883× 10−2nm−1, (22)
and all lengths are in nm.
It should be better to mention that we could choose other
functionalities for free parameters in order to exactly fit
the model and experimental data, however we choose the
above forms because of their simplicity and being phys-
ically meaningful as well. The first and third terms of
Γcor have the same form of the electron-electron and ra-
diation scattering terms with respect to the radius of NP
and light wavelength. These terms are negative and it
indicates that the total amounts of the mentioned scat-
tering terms become smaller by considering experimental
corrections. The second term in Eq. (20) which is posi-
tive, has the functionality form of (R/λ)2 and it can be
interpreted as the contribution of other ignored mecha-
nisms of scattering and quantum corrections as well. The
parameter α is the function of negative powers of R and
it is independent of wavelength. In Fig. (2), the pa-
rameter α is presented as a function of NP diameter in
nanometer. Increase in the NP diameter causes the de-
crease in α which is a logical behavior. Its value decreases
approximately from 0.009 to 0.0035 when NP diameter
increases from 4nm to 5.4nm, respectively. As it is men-
tioned earlier, we expect that by growing the size of NP,
classical confinement effect (or in other words, appearing
the restoring force) fades out and for large size NPs, it
vanishes. The largest value for α which can be predicted
by primitive classical theories is 1/3.
In Fig. (3-a) and Fig. (3-b), we have plotted Γcor and
Γn as a function of light wavelength for different NP sizes.
For all cases, Γcor is negative and its absolute value is an
increasing function of NP diameter which in turn causes
that the parameter Γn becomes a decreasing function of
NP size. It is clear that increase in the wavelength causes
the decrease in both parameters |Γcor| and Γn at a fixed
NP diameter size. The average value of Γn for small size
NPs varies from 1015s−1 to 0.7 × 1015s−1 when wave-
length changes from 450nm to 650nm, respectively.
In Fig. (4-a) and Fig. (4-b), the real and imaginary
parts of gold NP permittivity is presented for different
small size NPs and bulk gold metal as well. The data of
bulk medium have been taken from Ref [85]. As an ex-
ample for metal, the real part of permittivity is negative
for all cases and in a fixed wavelength, increase in the
diameter of NP causes the decrease in the absolute value
of real part. It is clear from Fig. (4-b) that increase in
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FIG. 3: Variations of (a) ΓCor and (b) Γn as a function
of wavelength for nanosphere diameters of 4, 4.4, 4.7,
4.9, 5.2, 5.4nm. The order of diameter increase is from
top to bottom.
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FIG. 4: Variations of (a) real and (b) imaginary parts of
permittivity as a function of wavelength for nanosphere
diameters of 4, 4.4, 4.7, 4.9, 5.2, 5.4nm and bulk case as
well. The order of diameter increase for graphs (a) is
from bottom to top and for graphs (b) is inversely.
the size of NP causes the decrease in the imaginary part
of permittivity. Totally, variations of permittivity values
with respect to the NP size variations are more consid-
erable for the imaginary part which reflects the absorp-
tion characteristic of medium. Especially, dependence of
imaginary part on the NP size is more evident at high
wavelengths or low photon energies. There are no exper-
imental data for direct measurement of gold NP permit-
tivity and only the permittivity of gold thin films can be
found in Refs [85–92]. Recently, Karimi et al.[93] have
been proposed a size-dependent plasma frequency model
for MNP permittivity in quantum regime and similar the-
oretical results are obtained for the real and imaginary
parts of gold small NPs. They interpreted the intense
dependence of imaginary part on the NP size at low pho-
ton energies as the result of the intense increase in the
surface scattering of NP.
In order to show the size-dependence of plasmon reso-
nance predicted by our semi-classical phenomenological
model and compare them with experiments, in Fig. (5),
we have plotted the plasmonic peak wavelength (or sur-
face plasmon resonance peak wavelength) as a function of
NP diameters. Increase in the NP diameter increases the
resonance wavelength, or in other words causes a redshift
in resonance wavelength. One can see the good agree-
ment between our model and experimental data. The
dependence of peak place to the NP diameter can be ex-
pressed via the following function
λmax = λ0 + f1R+ f2R
2 + f3R
3, (23)
where
λ0 = 303.90nm, f1 = 303.20nm
−1, f2 = −146.65nm−2,
f3 = 24.28nm
−3, (24)
where λmax and R are in nm.
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FIG. 5: Variations of surface plasmon resonance
wavelength as a function of NP diameters. Dashed line
in the fitted function.
V. CONCLUSIONS
In a semi-classical phenomenological Drude-like model
for determining the permittivity of an individual MNP,
we proposed to consider restoration force term in the in-
teraction of light with small NPs which can be called
the classical confinement effect. For energy dissipation,
we have considered all dominant damping mechanisms
including electron-electron and electron-phonon scatter-
ings, radiation and electron scattering by the NP surface.
In addition, in order to correct the shortages of theo-
retical background of dissipation mechanisms and take
into account quantum confinement effect as well, we have
taken into account a correction term to the damping fac-
tor obtained by the well-known theoretical studies. Nu-
merical analysis is done for small gold NPs and the free
parameters of system are determined by studying the ex-
isting experimental data related to the extinction cross
section. Results show the good agreement between ex-
periments and our model. Dynamical parameters ob-
tained by this model can be very useful for future the-
oretical studies about the interaction of electromagnetic
fields with MNPs in the linear and nonlinear optics of
media containing such NPs and plasmonics field as well.
7[1] W. P. McConnell, J. P. Novak, L. C. Brousseau, R. R.
Fuierer, R. C. Tenent, and D. L. Feldheim, “Elec-
tronic and optical properties of chemically modified metal
nanoparticles and molecularly bridged nanoparticle ar-
rays,” (2000).
[2] U. Kreibig and M. Vollmer, Optical properties of metal
clusters, Springer series in materials science No. v. 25
(Springer, 1995).
[3] M. Faraday, Philosophical Transactions of the Royal So-
ciety of London , 145 (1857).
[4] C. Bohren and D. Huffman, Absorption and Scattering
of Light by Small Particles, Wiley Science Series (Wiley,
2008).
[5] K. A. Willets and R. P. Van Duyne, Annu. Rev. Phys.
Chem. 58, 267 (2007).
[6] S. Nie and S. R. Emory, science 275, 1102 (1997).
[7] M. Osawa, in Near-field optics and surface plasmon po-
laritons (Springer, 2001) pp. 163–187.
[8] R. Adato, A. A. Yanik, J. J. Amsden, D. L. Kaplan,
F. G. Omenetto, M. K. Hong, S. Erramilli, and H. Altug,
Proceedings of the National Academy of Sciences 106,
19227 (2009).
[9] J. Renger, R. Quidant, N. Van Hulst, and L. Novotny,
Physical review letters 104, 046803 (2010).
[10] P. Genevet, J.-P. Tetienne, E. Gatzogiannis, R. Blan-
chard, M. A. Kats, M. O. Scully, and F. Capasso, Nano
letters 10, 4880 (2010).
[11] T. Kosako, Y. Kadoya, and H. F. Hofmann, Nature Pho-
tonics 4, 312 (2010).
[12] S. A. Maier and H. A. Atwater, Journal of applied physics
98, 10 (2005).
[13] J. Pendry, Nature 423, 22 (2003).
[14] J. Pendry, Nature Materials 5, 599 (2006).
[15] H. A. Atwater and A. Polman, in Materials For Sustain-
able Energy: A Collection of Peer-Reviewed Research and
Review Articles from Nature Publishing Group (World
Scientific, 2011) pp. 1–11.
[16] M. W. Knight, H. Sobhani, P. Nordlander, and N. J.
Halas, Science 332, 702 (2011).
[17] N. Yu and F. Capasso, JOSA B 27, B18 (2010).
[18] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne,
F. Capasso, and Z. Gaburro, science 334, 333 (2011).
[19] C. Burda, X. Chen, R. Narayanan, and M. A. El-Sayed,
Chemical reviews 105, 1025 (2005).
[20] E. Katz and I. Willner, Angewandte Chemie Interna-
tional Edition 43, 6042 (2004).
[21] L. Hirsch, R. Stafford, N. Sershen, N. Halas, J. Hazle,
and J. West, Proc Natl Acad Sci 100, 113549 (2003).
[22] X. Huang, I. H. El-Sayed, W. Qian, and M. A. El-
Sayed, Journal of the American Chemical Society 128,
2115 (2006).
[23] I. H. El-Sayed, X. Huang, and M. A. El-Sayed, Cancer
letters 239, 129 (2006).
[24] D. P. O’Neal, L. R. Hirsch, N. J. Halas, J. D. Payne, and
J. L. West, Cancer letters 209, 171 (2004).
[25] C. Loo, A. Lowery, N. Halas, J. West, and R. Drezek,
Nano letters 5, 709 (2005).
[26] P. K. Jain, I. H. El-Sayed, and M. A. El-Sayed, nano
today 2, 18 (2007).
[27] X. Huang, P. K. Jain, I. H. El-Sayed, and M. A. El-
Sayed, (2007).
[28] L. R. Hirsch, R. J. Stafford, J. Bankson, S. R. Sershen,
B. Rivera, R. Price, J. D. Hazle, N. J. Halas, and J. L.
West, Proceedings of the National Academy of Sciences
100, 13549 (2003).
[29] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger,
and C. A. Mirkin, Science 277, 1078 (1997).
[30] A. J. Haes and R. P. Van Duyne, Journal of the American
Chemical Society 124, 10596 (2002).
[31] K. Sokolov, M. Follen, J. Aaron, I. Pavlova, A. Malpica,
R. Lotan, and R. Richards-Kortum, Cancer research 63,
1999 (2003).
[32] I. H. El-Sayed, X. Huang, and M. A. El-Sayed, Nano
letters 5, 829 (2005).
[33] Y. Wang, X. Xie, X. Wang, G. Ku, K. L. Gill, D. P.
O’Neal, G. Stoica, and L. V. Wang, Nano Letters 4,
1689 (2004).
[34] N. L. Rosi and C. A. Mirkin, Chemical reviews 105, 1547
(2005).
[35] C. v. Fragstein and H. Ro¨mer, Zeitschrift fu¨r Physik 151,
54 (1958).
[36] H. Ro¨mer and C. v. Fragstein, Zeitschrift fuer Physik
163, 27 (1961).
[37] C. Von Fragstein and F. Schoenes, Zeitschrift fu¨r Physik
198, 477 (1967).
[38] R. Gans and H. Happel, Annalen der Physik 334, 277
(1909).
[39] M. A. Garc´ıa, Journal of Physics D: Applied Physics 44,
283001 (2011).
[40] H. Ho¨vel, S. Fritz, A. Hilger, U. Kreibig, and M. Vollmer,
Physical Review B 48, 18178 (1993).
[41] C. Voisin, N. Del Fatti, D. Christofilos, and F. Vallee,
Journal of Physical Chemistry B 105, 2264 (2001).
[42] R. D. Averitt, S. L. Westcott, and N. J. Halas, JOSA B
16, 1824 (1999).
[43] S. Link and M. A. El-Sayed, The Journal of Physical
Chemistry B 103, 4212 (1999).
[44] S. Kubo, A. Diaz, Y. Tang, T. S. Mayer, I. C. Khoo, and
T. E. Mallouk, Nano Letters 7, 3418 (2007).
[45] G. V. Hartland, Chemical reviews 111, 3858 (2011).
[46] J. B. Monteiro-Filho and L. A. Go´mez-Malago´n, JOSA
B 29, 1793 (2012).
[47] P. K. Jain, K. S. Lee, I. H. El-Sayed, and M. A. El-Sayed,
The journal of physical chemistry B 110, 7238 (2006).
[48] G. V. Naik, V. M. Shalaev, and A. Boltasseva, Advanced
Materials 25, 3264 (2013).
[49] M. M. Alvarez, J. T. Khoury, T. G. Schaaff, M. N.
Shafigullin, I. Vezmar, and R. L. Whetten, The Jour-
nal of Physical Chemistry B 101, 3706 (1997).
[50] A. Pinchuk, G. Von Plessen, and U. Kreibig, Journal of
Physics D: Applied Physics 37, 3133 (2004).
[51] N. K. Grady, N. J. Halas, and P. Nordlander, Chemical
Physics Letters 399, 167 (2004).
[52] S. Bruzzone, M. Malvaldi, G. P. Arrighini, and
C. Guidotti, The Journal of Physical Chemistry B 108,
10853 (2004).
[53] L. B. Scaffardi and J. O. Tocho, Nanotechnology 17, 1309
(2006).
[54] N. Sepehri Javan and S. Homami, Physics of Plasmas 22,
082311 (2015).
[55] N. Sepehri Javan, Journal of Applied Physics 118,
073104 (2015).
8[56] N. Sepehri Javan, Physics of Plasmas 22, 093116 (2015).
[57] N. Sepehri Javan, N. Amjadi, and H. Mohammadzadeh,
Physics of Plasmas 23, 123114 (2016).
[58] N. Sepehri Javan, F. Rouhi Erdi, and M. Najafi, Physics
of Plasmas 24, 052301 (2017).
[59] N. Sepehri Javan and F. Rouhi Erdi, Journal of Applied
Physics 122, 223103 (2017).
[60] A. Kheirandish, N. S. Javan, and H. Mohammadzadeh,
Physica Scripta 93, 095802 (2018).
[61] N. Sepehri Javan, R. Naderali, M. Hosseinpour Azad,
and M. Najafi, Physics of Plasmas 25, 082310 (2018).
[62] N. S. Javan and F. R. Erdi, Plasmonics 14, 219 (2019).
[63] N. S. Javan, R. Naderali, M. H. Azad, and M. Najafi,
Plasmonics 14, 579 (2019).
[64] J. Herna´ndez, L. Noordam, and F. Robicheaux, The
Journal of Physical Chemistry B 109, 15808 (2005).
[65] J. Parashar, Physics of Plasmas 16, 093106 (2009).
[66] G. Kumar and V. Tripathi, Applied Physics Letters 91,
161503 (2007).
[67] M. L. Brongersma, J. W. Hartman, and H. A. Atwater,
Physical Review B 62, R16356 (2000).
[68] J. Zuloaga and P. Nordlander, Nano letters 11, 1280
(2011).
[69] M. A. Kats, N. Yu, P. Genevet, Z. Gaburro, and F. Ca-
passo, Optics express 19, 21748 (2011).
[70] P. Biagioni, J.-S. Huang, and B. Hecht, Reports on
Progress in Physics 75, 024402 (2012).
[71] A. Lovera, B. Gallinet, P. Nordlander, and O. J. Martin,
Acs Nano 7, 4527 (2013).
[72] N. Yu and F. Capasso, Nature materials 13, 139 (2014).
[73] P. Genevet, F. Capasso, F. Aieta, M. Khorasaninejad,
and R. Devlin, Optica 4, 139 (2017).
[74] J. J. Thomson, The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science 7, 237
(1904).
[75] V. Myroshnychenko, J. Rodr´ıguez-Ferna´ndez,
I. Pastoriza-Santos, A. M. Funston, C. Novo, P. Mul-
vaney, L. M. Liz-Marza´n, and F. J. G. de Abajo,
Chemical Society Reviews 37, 1792 (2008).
[76] W. Lawrence, Physical Review B 13, 5316 (1976).
[77] W. Lawrence and J. Wilkins, Physical Review B 7, 2317
(1973).
[78] T. Holstein, Physical Review 96, 535 (1954).
[79] T. Holstein, Annals of Physics 29, 410 (1964).
[80] M. Liu, M. Pelton, P. Guyot-Sionnest, et al., Physical
Review B 79, 035418 (2009).
[81] L. Genzel, T. Martin, and U. Kreibig, Zeitschrift fu¨r
Physik B Condensed Matter 21, 339 (1975).
[82] E. A. Coronado and G. C. Schatz, The Journal of chem-
ical physics 119, 3926 (2003).
[83] M. Liu and P. Guyot-Sionnest, The Journal of Physical
Chemistry B 108, 5882 (2004).
[84] S. Berciaud, L. Cognet, P. Tamarat, and B. Lounis, Nano
letters 5, 515 (2005).
[85] P. B. Johnson and R.-W. Christy, Physical review B 6,
4370 (1972).
[86] H.-J. Hagemann, W. Gudat, and C. Kunz, JOSA 65,
742 (1975).
[87] M. A. Ordal, R. J. Bell, R. W. Alexander, L. L. Long,
and M. R. Querry, Applied Optics 26, 744 (1987).
[88] D. L. Windt, W. C. Cash, M. Scott, P. Arendt, B. New-
nam, R. Fisher, and A. Swartzlander, Applied optics 27,
246 (1988).
[89] E. D. Palik, Handbook of optical constants of solids, Vol. 3
(Academic press, 1998).
[90] W. S. Werner, K. Glantschnig, and C. Ambrosch-Draxl,
Journal of Physical and Chemical Reference Data 38,
1013 (2009).
[91] K. M. McPeak, S. V. Jayanti, S. J. Kress, S. Meyer,
S. Iotti, A. Rossinelli, and D. J. Norris, ACS photon-
ics 2, 326 (2015).
[92] S. Babar and J. Weaver, Applied Optics 54, 477 (2015).
[93] S. Karimi, A. Moshaii, S. Abbasian, and M. Nikkhah,
Plasmonics , 1 (2018).
